For the application of Hall thrusters to small satellites, we have been developing a low power Hall thruster. As an initial test, we evaluated the thrust performance of a 50 W class miniature Hall thruster developed at Kyushu University. The outer diameter and the length of the acceleration channel are 18 mm and 7 mm, respectively. A torsional type thrust stand was developed, since the estimated thrust is 1-3 mN, which is too small to be measured by means of a conventional pendulum type thrust stand for Hall thrusts. The uncertainty of this thrust stand is less than 10% at 2 mN with calibration. The thrust, the discharge current, specific impulse and the thrust efficiency at xenon mass flow rate of 0.30 mg/s and discharge voltage of 125 V were 1.7 mN, 0.35 A, 600 sec and 11.4%, respectively. The thrust increased with an increase in discharge voltage and the thrust became 3.1 mN at discharge voltage of 250 V.
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Introduction
The Hall thruster is a promising thruster for satellite station keeping and orbit transfer applications [1] [2] [3] because it has a high thrust efficiency exceeding 50% with a specific impulse range of 1000-3000 s, delivering higher thrust-to-power ratio as compared to ion thrusters. Therefore, there were and will be many missions using the Hall thruster 4) , e.g., SMART-1 lunar mission 5) , MBSAT, and Lockheed-Martin Space Systems GEO satellites 6) . The demand for mN class miniature propulsion systems for small satellites is expected to grow in the future. 7) Since small satellites have many advantage; relatively low cost and short development time, among other reasons. [8] [9] [10] Until recently, however, size restrictions and poor power generation of the small satellites have limited the capacity of the available propulsion systems, and these have restricted the capability of the small satellites.
One of the candidates for advanced mN class miniature propulsion systems to be overcome the limit is a low power Hall thruster. For the application of Hall thrusters to the small satellites, we have to develop miniature and low power Hall thrusters. Several studies have been conducted on miniature Hall thruster; there have been many miniaturized Hall thrusters [11] [12] [13] [14] [15] , such as SPT-25 11) , End Hall 12) , Cylindrical Hall 13, 14) , and they showed good performance. Reduction of power consumption can also be achieved by decreasing discharge voltage as size reduction. And decreasing discharge voltage method has many advantages; long lifetime and direct power drive from the solar arrays (without a DC-DC converter).
Therefore, the aim of this study is to develop a miniature low discharge voltage Hall thruster for small satellites and evaluate the thrust performance of it. As an initial test, we have developed a 50 W class miniature magnetic layer type Hall thruster and evaluate the thrust performance of this thruster. Figure 1 shows a cross-section view of the 50 W class Hall thruster developed at Kyushu University. The inner and the outer diameters of the acceleration channel is 10 mm and 18 mm, respectively. The acceleration channel is made of boron nitride. The anode is set at 9 mm upstream from the exit. The propellant is fed through the anode. The magnetic circuit of the thruster consists of several permanent magnets and iron yokes, as shown in Fig. 1 . The magnetic flux density is varied by changing the number of magnets. The calculated magnetic field configuration is shown in Fig. 2 (calculated using Magnum2.5, Field Precision LLC.). In the acceleration channel, the magnetic flux density is 20 -30 mT at N mag = 4.
Experimental Equipment
A hollow cathode (Veeco Instruments Inc. HC252) is used as an electron source. High-purity (99.999%) xenon gas was used as the propellant with thermal mass flow controller (Kofloc 3200). Tests are conducted in a vacuum chamber of 1.0 m diameter by 1.2 m length. The pumping system includes a rotary pump and a turbo molecular pump (air pumping speed is 2000 l/s ). The chamber baseline pressure is below 1×10 -3 Pa. The background pressure was maintained below 2 × 10 -2 Pa at a xenon mass flow rate of 1.2 mg/s. A torsional type thrust stand developed at Kyushu University was used to measure the thrust. There have been many studies for low thrust level measurement by means of the torsional type thrust stand [16] [17] [18] . This thrust stand consists of a torsional balance, a light emitting diode (LED) sensor and flexural pivots. Figure 3 shows a schematic diagram of the thrust stand. The miniature Hall thruster is installed on the torsional balance and the counter weight is on the other side. The natural period of this stand is 1.5 sec. The twist angle can be detected by measuring the displacement of the plate set on the arm. We don't use an active damper but the friction of the electric wire and a gas feed tube work as dampers. To reduce the influence of thermal drift, a low thermal expansion carbon/carbon composite (8× 10 -7 /K) is used as the arm component. The Hall thruster is mounted on a copper plate, which keeps constant temperature (293 K). The calibration of the thrust stand is conducted with a set of three known weights, 2 mN(0.2 g), 3 mN(0.3 g) and 5 mN (0.5 g), in a pulley system assembly, as shown in Fig.4 . The output signal of the LED displacement sensor is proportional to the load (the summed square of fitting residuals is 0.988). The overall uncertainty in thrust is estimated at ±10%, which is mostly due to a frictional resistance between a pulley and the string jointing the load and the thruster. 
Results and Discussion
In order to evaluate the thrust performance of our miniature Hall thrusters, specific impulse, I sp , and thrust efficiency, η t are defined as 19) ,
In order to evaluate the thruster head performance, mass flow rate through the cathode and power consumption of the cathode does not be included in this estimation. We have been developing a microwave discharge cathode for this thruster, but the performance of this is still poor. Figure 5 shows the side view of the thruster plume. A ball shape plume was observed instead of a swallow tail plume, which can be observed in conventional Hall thrusters. This shows some amount of plasma is produced outside the thruster and it will degrade the thrust performance. 19) . The estimated propellant utilization increases from 0.47 to 0.62, assuming the thrust coefficient is constant as 0.75, as Shirasaki measured. This assumption is acceptable, since Shirasaki showed that the beam divergence of a miniature cylindrical Hall thruster is almost the same for several mass flow rates 14) .
The thrust efficiency at m  of 0.3 mg/s is constant if V d >125 V, though the thrust increases, as shown in Fig.7 . This is because the discharge current is increased with an increase in discharge voltage; the electron current toward the anode is increased with increaseing the electric field in the acceleration channel. The electron current toward anode cannot be suppressed by increasing magnetic field with increase in discharge voltage. Since we use permanent magnets for applying magnetic field in the acceleration channel, the magnetic field strength of this thruster cannot change arbitrarily, while conventional Hall thruster can do it, and this will lead to the degradation of the thrust performance. For the improvement of the thrust performance, optimizations of the magnetic field strength and the gas distributor is needed. That is, the light emission from the thruster is unsymmetrical and inclined toward the gas inlet side, as shown in Fig. 8 . There was a gas distributor but it did not work as expected 
Summary
For developing small satellite propulsions, the thrust performance of a miniature Hall thruster has been investigated. In order to measure the low level thrust, a torsional type thrust stand has been developed and evaluate the uncertainty of this thrust stand as 10% at 2 mN. The thrust increases with an increase in mass flow rate and discharge voltage, as conventional Hall thrusters do. The thrust efficiency is relatively low, 5-13%, by comparison with conventional Hall thrusters, over 50%; this is probably because the surface/ volume ratio of this thruster is large. The overall thrust performance, that is, F, I sp and η t are 1.7 mN, 11.4% and 600 sec, respectively at m  of 0.3 mg/s, N mag of 4 and V d of 125 V.
The thrust performance will be improved by changing the gas distributor configuration and optimizing the magnetic field configuration. In addition, development of the miniature low power cathode for the thruster is indispensable as well as the improvement of the thrust performance of the thruster head. Since now we used a hollow cathode with a xenon mass flow rate of 0.2 mg/s and power consumption of 2W. Considering cathode power consumption and mass flow rate, the thrust performance significantly reduced; I sp and η t are 6.6% and 360 sec, respectively at m  of 0.3 mg/s, N mag of 4 and V d of 125 V.
